r ERG3 channels have a high expression level in the central nervous system. r Knockdown of ERG3 channels enhances neuronal intrinsic excitability (caused by decreased fast afterhyperpolarization, shortened delay time to the generation of an action potential and enhanced summation of somatic excitatory postsynaptic potentials) in hippocampal CA1 pyramidal neurons and dentate gyrus granule cells.
Introduction
Neuroplasticity plays an important role in regulating several brain functions such as learning and memory (Kandel, 2001; Zhang & Linden, 2003; Losonczy et al. 2008; Mozzachiodi et al. 2008; Caroni et al. 2012) . Intrinsic plasticity, which is one type of neuroplasticity, is a phenomenon where the firing efficiency of postsynaptic neurons in response to synaptic inputs can be altered in an activity-dependent manner. One important feature of intrinsic plasticity is to modify the input-output information flow from dendrites to axon terminals, through regulating expression patterns or biophysical properties of multiple ion channels located in different neuronal compartments (Hausser et al. 2000; Daoudal & Debanne, 2003; Lai & Jan, 2006; Nelson & Turrigiano, 2008; Sweatt, 2016) . Impairment of intrinsic plasticity is involved in a range of neurological and psychiatric disorders such as neuropathic pain, addiction and epilepsy (Chen et al. 2002; Beck & Yaari, 2008; Wu et al. 2008; Jung et al. 2011; Surges et al. 2012; Shah et al. 2013; Kourrich et al. 2015) . Despite the important role of intrinsic neuroplasticity in physiological and pathological processes in the brain, the underlying mechanisms are still poorly understood.
Ether-à-go-go-related gene-encoded channels (ERG, Kv11) are voltage-gated potassium channels with unusual kinetics in that their inactivation rates vastly exceed activation rates, so that the greatest conductance is generated on repolarization rather than depolarization, which makes the channel current inwardly rectifying (Shibasaki, 1987; Sanguinetti et al. 1995; Trudeau et al. 1995; Smith et al. 1996) . The ERG channel family consists of three cloned members, ERG1 (Kv11.1), ERG2 (Kv11.2) and ERG3 (Kv11.3) (Shi et al. 1997 ). ERG1 protein is extensively studied for its role in the repolarization of the ventricular action potential, and these channels also contribute to the pacemaker potential in the sinoatrial node (Sanguinetti & Tristani-Firouzi, 2006) . ERG2 protein has a relatively low expression in the whole body, and ERG3 protein is mainly expressed in the central nervous system (CNS; Guasti et al. 2005) . ERG channels were found to regulate firing frequency in cerebellar Purkinje cells (Sacco et al. 2003) and action potential threshold in mouse auditory brainstem neurons (Hardman & Forsythe, 2009) , while the neuronal excitability of neocortical pyramidal cells was also regulated by ERG current (Cui & Strowbridge, 2017) . In addition, the ERG channel blocker E-4031 has significant effects on neuronal excitability of hippocampal CA1 pyramidal neurons (Fano et al. 2012) . Although ERG3 channels are highly expressed in the CNS (Shi et al. 1997; Polvani et al. 2003; Bauer & Schwarz, 2018) , previous investigations have mainly focused on the mixture of currents mediated by the three ERG channel subtypes and the function of ERG3 channels in the CNS is still not clear.
Here, we characterize the expression and functional properties of ERG3 channels in hippocampal neurons. Western blots and RT-PCR experiments showed that the ERG3 protein and mRNA are predominantly expressed in hippocampus and that the ERG3 mRNA level is much higher than that of ERG1 and ERG2. Immunofluorescence data showed that the ERG3 protein is predominantly localized to the proximal apical dendrites and soma of excitatory neurons. Knockdown of ERG3 channels with ERG3 short hairpin RNA (shRNA) significantly increased neuronal intrinsic excitability in dentate gyrus (DG) granule cells and CA1 pyramidal neurons, which was mainly caused by decreased fast afterhyperpolarization (AHP), shortened delay time to the generation of an action potential and enhanced somatic excitatory postsynaptic potential (EPSP) summation. Interestingly, functional ERG-mediated currents and ERG3 protein were significantly reduced after status epilepticus in our mouse epilepsy model. Moreover, knocking down ERG3 channels enhanced seizure susceptibility, while mice treated with the ERG channel activator NS-1643 were less prone to epileptogenesis. Finally, examination of brain tissues obtained from human patients with temporal lobe epilepsy revealed decreased expression of ERG3 channels, supporting the hypothesis of an important role of ERG3 channels in suppressing epileptogenesis. Together, our results show a novel finding of ERG3 channels regulating neuronal intrinsic excitability in the hippocampus, and suggest ERG3 channels might be a potential therapeutic target for the prevention and treatment of temporal lobe epilepsy (TLE).
Methods

Ethical approval
This study was approved by the Institutional Animal Care and Use Committee at Peking University (LA20141200). All animals were handled in strict accordance with two guidelines: Guide for the Care and Use of Laboratory Animals and Principles for the Utilization and Care of Vertebrate Animals. Every effort was made to minimize animal suffering and the number of animals used. The study complied with the ethical principles of The Journal of Physiology, and the experiments complied with The Journal's animal ethics principles and regulation checklist (Grundy, 2015) .
Animals
C57BL/6 male mice (6-8 weeks, 18-23 g) were purchased from Charles River Laboratories (Beijing, China). Animals were housed under a standard artificial 12 h light/dark cycle with water and food provided ad libitum. For the shRNA injection surgical procedures, mice were anaesthetized with sodium pentobarbital (50 mg kg −1 ) administered I.P. The adequacy of the anaesthesia was judged by the lack of reflex in response to a firm tail pinch. Additional anaesthetic was administered during the surgery if necessary (25% of the original dose, I.P.). For the electrophysiology studies, mice were anaesthetized with chloral hydrate (500 mg kg −1 ) and perfused intracardially with ice-cold 'cutting solution' , then the brain was removed and submerged in 'cutting solution' for the preparation of slices. The experimenters were blind to viral treatment or drug treatment condition during behavioural testing. Electrophysiology recordings, anatomical investigation and the adeno-associated virus (AAV)-infection experiments were all performed in the dorsal part of the hippocampus.
Acute slice preparation and electrophysiological recordings
Horizontal slices containing hippocampus were obtained from 6-to 8-week-old male C57/BL6 mice. In accordance with previous studies (Huang et al. 2009 (Huang et al. , 2011 , the brain was removed and submerged in ice-cold 'cutting solution' containing (mM): 110 choline chloride, 2.5 KCl, 0.5 CaCl 2 , 7 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 and 10 glucose. Next, the brain was cut into 350 μm slices with a vibrating blade microtome (WPI, Sarasota, FL, USA). Slices were incubated in oxygenated (95% O 2 and 5% CO 2 ) 'recording solution' containing (mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , 25 NaHCO 3 , 1.25 NaH 2 PO 4 and 10 glucose (315 mOsm, pH 7.4, 37°C) for 15 min, and then stored at room temperature in recording solution. Slices were subsequently transferred to a submerged chamber containing 'recording solution' maintained at 34-36°C. Whole-cell recordings were obtained from visually identified hippocampal DG and CA1 neurons under a water-immersed ×40 objective of an Olympus BX51WI microscope. Pipettes had resistances of 5-8 M . Series resistance was in the order of 10-30 M , which was compensated by 60-80% during the experiments. Recordings were discarded if the series resistance increased by more than 20% during the course of the recordings. For voltage-clamp and current-clamp recordings, electrophysiological recordings were made using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale, CA, USA). Recordings were filtered at 10 kHz and sampled at 50 kHz. Data were acquired and analysed using pCLAMP 10.0 (Molecular Devices). In our whole-cell current-clamp recordings (with an Axon 700B amplifier, Molecular Devices, San Jose, CA, USA), we initially applied a 100 ms, 20 pA test pulse to the recording neurons right after breaking into the whole-cell configuration. A fast-rising component and a slow-rising component of voltage response were clearly visible. Then we zoomed into the fast-rising component of voltage responses and turned up the pipette capacitance neutralization slowly to shorten the rise time of the fast-rising component until the oscillations of voltage responses appeared. Subsequently, we decreased the capacitance compensation just until the oscillations disappeared. For bridge balance of current-clamp recordings, we increased the value of bridge balance slowly until the fast component of the voltage response disappeared, and the slow-rising component appeared to rise directly from the baseline. Series resistance and pipette capacitance were compensated using the bridge balance and pipette capacitance neutralization options in the Multiclamp 700B command software. The bridge balance value was between 20 and 30 M and the pipette capacitance neutralization value was between 3 and 5 pF.
ERG currents were recorded under whole-cell voltage-clamp condition using a high [K + ] (40 mM, substituted for Na + ) and Ca 2+ -free (replaced with MgCl 2 ) solution to enhance the ERG channel's conductance, which is consistent with a previous study (Hirdes et al. 2009 
Control tissues or tissues with TLE
Patients (n = 355) with medically intractable TLE underwent phased presurgical assessment at Shengjing Hospital affiliated to China Medical University. Epilepsy diagnosis (including types and localization) was determined by clinical history, imaging examination (including magnetic resonance imaging and/or positron emission tomography), electroencephalography (EEG; including scalp and/or intracranial EEG), and psychological assessment. Patients with TLE caused by stroke, tumour, injury and malformations were excluded in this study. In those selected for surgery, the hippocampus was resected according to standard procedures. Between July 2010 and February 2016, 246 hippocampi were resected. The study, using randomly chosen clinical samples, which include eight paired epileptogenic tissues and matched adjacent normal tissues from the same patient, was approved by the Ethics Committee of Shengjing Hospital affiliated to China Medical University. Informed consent was obtained from all subjects or their relatives. Before surgical resection of hippocampi, the multi-channel intracranial EEG electrodes were implanted to localize the origin of epilepsy. The 'epileptic tissues' in this study were from originating sites of spontaneous seizure which were determined by their electrical seizure-like activities recorded with intracranial EEG electrodes. Tissues adjacent to 'epileptic tissues' serve as the 'controls' , which were normally the adjacent entorhinal cortical area. The control tissues could also show abnormal electrical activities during a seizure, but the occurrence of such activities is significantly later than that in epileptic tissues and we thus consider it as a secondary effect. Tissues were frozen in liquid nitrogen immediately after surgical removal and maintained at −80°C until mRNA and protein extraction. These eight pairs of samples come from patients of both sexes and age from 26 to 57; the detailed information of these patients is provided in Table 4 .
Adeno-associated virus design
We used AAV carrying shRNA targeting mouse ERG3. AAV vectors (WZ004) were obtained from Shanghai Genechem. AAV serotype 9 was used in the experiment, since previous experiments showed that AAV9 has the highest transduction rate in hippocampus (Aschauer et al. 2013) . The sequence of the components in the AAV vector was U6 promoter-shRNA-CMV bGlobineGFP-3 * Flag. Adult mouse hippocampal DG granule neurons were transduced with proper AAV containing non-silencing shRNA or ERG3 shRNA. The three ERG3-shRNA sequences are: ERG3-shRNA no. 1: 5 -GCAGTCAAGTTCCCAACTA-3 ; ERG3-shRNA no. 2: 5 -GCACCCAAGGTTAAAGAAA-3 ; and ERG3-shRNA no. 3: 5 -GCAAGTAAAGGCTGTCTTA-3 . The non-silencing shRNA sequence is 5 -CGCTGAGTAC TTCGAAATGTC-3 . The effect of shRNA was tested by ERG3-overexpressed HEK-293 cells. Since western blot experiment showed three shRNAs respectively caused 69.1 ± 4.6%, 57.7 ± 0.17% and 85.9 ± 2.0% decrease of ERG3 protein expression in HEK-293 cells, ERG3-shRNA no. 3 was used in further experiments. The infection efficiency was also confirmed by the expression of a green fluorescent protein under microscopy and the electrophysiology recordings from shRNA-transduced DG neurons.
Stereotaxically guided AAV injection and EEG recordings
Animals (mice of 6-8 weeks) were deeply anaesthetized by intraperitoneal injection of sodium pentobarbital (50 mg kg −1 body weight) and secured in the stereotaxic apparatus (RWD Ltd, Shenzheng, China). AAV was bilaterally injected into dorsal hippocampus DG area (coordinates, bregma: anterior-posterior, −1.60 mm; dorsal-ventral, −2.00 mm; lateral, ±1.30 mm, 600 nl per side) or CA1 area (coordinates, bregma: anterior-posterior, −2.00 mm; dorsal-ventral, −2.50 mm; lateral, ±2.40 mm, 600 nl per side). Ten minutes after microinjection, the needle was retracted and after another 10 min, the wound was sutured. For those mice prepared for the seizure susceptibility measurement, depth electrodes (Plastics One, Roanoke, VA, USA) were implanted into the DG region (with the same coordinates stated above). All animals were monitored for at least an hour post-surgery and at 12 h intervals for the next 5 days. Since ERG3-shRNA was strongly expressed from 7 days post-injection (DPI) and lasted at least 2 months, the tested mice were used at 14 DPI. EEG was recorded during the measurement of seizure susceptibility with Omniplex-D Neuronal data acquisition system (Neurolog, Houston, TX, USA).
Western blot
Mouse hippocampal tissues were collected from the kainic acid model mice and control mice. There were three mice in each group used in this experiment, and the mice were anaesthetized with chloral hydrate (500 mg kg −1 ) then decapitated for the acquisition of hippocampal tissues. For human tissues, five pairs of hippocampal and adjacent normal tissues were used in this experiment (patients 1-5). Tissues were homogenized in RIPA buffer (containing 50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate) on ice and then centrifuged at 13680 g for 3 min at 4°C. The supernatant was stored at −20°C until use. Protein concentration was measured by the BCA method. The lysate was mixed with 5× SDS sample buffer (200 mM Tris-HCl pH 6.8, 10% SDS, 25% glycerol, 5% 2-mercaptoethanol, 0.05% bromophenol blue) and boiled at 70°C for 8 min. Approximately 35 μg protein of each sample was loaded on 8% SDS-PAGE and run at 120 V constant voltage. A constant current of 280 mA was used for transblotting to a poly(vinylidene difluoride) membrane (Millipore, Billerica, MA, USA). Blots were probed with primary antibodies (1:1500) overnight at 4°C. After washing three times, blots were then incubated with goat anti-rabbit secondary antibody (1:20,000) at room temperature for 2 h. Chemiluminescence was used to visualize protein bands. Antibodies used were anti-ERG3 (Abcam, ab80455 lot: R199256-2; for mouse sample assessments), anti-ERG3 (Alomone Laboratories, Jerusalem, Israel, APC-112 lot: AN-02; for human sample assessments), anti-actin and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Beijing Biodragon Immunotechnologies Co., Ltd, Beijng, China). Blocked antibody was prepared by adding the same concentration of control peptide into the diluted antibody and incubated in room temperature for 30 min. The images were captured and quantified using Tanon GIS digital gel processing system (Tanon Science & Technology, Shanghai, China).
RNA extraction and RT-PCR
Total RNA was prepared from the hippocampi of epilepsy and control mice. Mice were anaesthetized with chloral hydrate (500 mg kg −1 ) then decapitated for the acquisition of hippocampal tissues. RNA was extracted using the RNAprep pure micro kit (Tiangen DP420, Tiangen, Beijing, China). After RNA extraction, RNA was reverse-transcribed with AT301-03 (Transgene, Beijing, China), in accordance with the manufacturer's protocol. And the ERG3 cDNA was analysed by qPCR with the following sets of primers: ERG3-FW (5 -CCAGGAAACTGGACCGATACT-3 ), ERG3-RV (5 -CCAATCGCATACCAGATGCAA-3 ), mActin-FW (5 -GGCTGTATTCCCCTCCATCG-3 ), mActin-RV (5 -CCAGTTGGTAACAATGCCATGT-3 ). qPCR reactions were performed using qPCR mix (Transgene AQ141) in the MX3005p machine and SYBR Green was used during the experiment. Expression levels were calculated using MxPro software. Actin and GAPDH genes were used as controls to normalize expression levels.
ERG3 fluorescence staining
Mice were killed by perfusion with 1% paraformaldehyde and 1% sucrose (w/v) in 0.1 M phosphate buffer (pH 7.4) after deep anaesthesia with sodium pentobarbital (50 mg kg −1 ). The brain was removed and post-fixed in the same fixative for 2 h, and subsequently immersed in 30% sucrose in 0.1 M phosphate buffer for 48 h. Cryostat horizontal sections (50 μm) were obtained using a freezing microtome. The sections were rinsed in 0.01 M phosphate-buffered saline (PBS, pH 7.4) and incubated in a blocking solution (5% normal goat serum, 0.3% Triton X-100 in PBS, v/v) at 20-25°C for 2 h, followed by overnight incubation at 4°C with primary antibody to NeuN (1:300, Millipore, Mab377 lot 2829834), ERG3 (1:100, Alomone, APC-112 lot: AN-02), glutamic acid decarboxylase of molecular mass 67 kDa (GAD67; 1:300, Millipore, Mab5406 lot 2844575), glial fibrillary acidic protein (GFAP; 1:300, Abcam ab10062 lot GR270398-8) separately in 0.1% Triton (v/v) . After a complete wash in PBS, the sections were incubated in Alexa 488-conjugated goat anti-rabbit IgG and Alexa 594 goat anti-mouse IgG in 0.1% Triton (1:1000; Molecular Probes, Thermo Fisher Scientific, Waltham, MA, USA) at 20-25°C for 2 h. Images were taken in the linear range of the photomultiplier with a laser scanning confocal microscope (Nikon A1r, Nikon, Melville, NY, USA) and the projection of z stack images (0.4 μm per image) was used in the figures. Blocked antibody was prepared by adding the same concentration of control peptide into the diluted antibody and incubating at room temperature for 30 min.
ERG3 immunohistochemistry
Three pairs of human epilepsy tissues and normal tissues (patients 6-8) and three mice were used for the immunohistochemistry experiment. Mice were deeply anaesthetized by sodium pentobarbital (50 mg kg −1 ) and transcardially perfused using PBS followed by 4% paraformaldehyde in PBS. Brains were post-fixed in fixative and stored in 30% sucrose in PBS overnight for cryoprotection. Brains were embedded and mounted in paraffin and 20 μm sections were cut using a cryostat (Leica RM2016, Leica, Buffalo Grove, IL, USA). Sections cut from formalin-fixed paraffin-embedded blocks were deparaffinized and rehydrated with serial passage through changes of xylene and graded ethanols. All slides were subjected to heat-induced epitope retrieval in a citrate buffer kit. Endogenous peroxidase in tissues was blocked by incubation of slides in 3% hydrogen peroxide solution for 25 min prior to incubation with primary antibody. Then slides were incubated with blocking solution J Physiol 596.19 (3% bovine serum albumin in phosphate-buffered saline with Tween 20) for 30 min followed by primary antibody incubation overnight at 4°C with ERG3 antibody (Alomone, APC-112, lot: AN-02). The next day, Antigen-antibody binding was visualized via application of the DAKO EnVision Detection Kit (DAKO K5007, Agilent, Santa Clara, CA, USA). After that, the slices were washed with PBS followed by counterstaining with haematoxylin and coverslipped for review. Blocked antibody was prepared by adding the same concentration of control peptide into the diluted antibody and incubating at room temperature for 30 min. The results of immunohistochemistry experiments were analysed by Image-pro plus 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).
Kainic acid-induced status epilepticus
Kainic acid (Sigma-Aldrich, St Louis, MO, USA) was intraperitoneally administered to produce class V seizures. The dose of kainite acid used was 20 mg kg −1 for mice (6-8 weeks). To assess epilepsy susceptibility, seizures were rated using a modified Racine scale: (1) immobility followed by facial clonus; (2) masticatory movements and head nodding; (3) continuous body tremor or wet-dog shakes; (4) unilateral or bilateral forelimb clonus; (5) rearing and falling. Status epilepticus was terminated 1 h after onset with the use of sodium pentobarbital (30 mg kg −1 ; Sigma-Aldrich). Control groups were treated with sodium pentobarbital only (30 mg kg −1 ).
Protocols and statistical methods
In the current-clamp recording, αEPSPs were generated by current injection of the order:
where A is the amplitude of the current injected and τ is the rise time constant. The decay time constant of αEPSPs was calculated by fitting the trace with double-exponential function:
where τ 1 and τ 2 represent time constants of the initial and falling phase of the αEPSPs. The summation ratio of EPSPs was calculated as the ratio of the peak of the fifth EPSP to that of the first EPSP. Presynaptic axons in stratum radiatum of CA1 and stratum moleculare of DG were stimulated using a tungsten electrode (A-M Systems, Sequim, WA, USA), with a tip diameter of ß5 μm, connected to a stimulus unit (Digitimer, Welwyn Garden City, UK). Stimulation electrodes were placed at ß100 μm from the soma. Subthreshold EPSPs were elicited by 100 μs current injections that were able to cause approximately 5 mV depolarization for the recording neuron. The decay time constant of evoked EPSPs was calculated by fitting the trace with single-exponential function:
where τ represent time constants of the decay phase of the evoked EPSPs.
The firing rate of neurons was determined as the number of action potentials that could be elicited by a 400 ms depolarizing current injection (50-250 pA for granule cells; 100-400 pA for pyramidal neurons). Fast AHPs were measured as the most negative membrane potential (relative to the threshold of action potential) from the first, second, third and fourth action potentials with a constant current injection (200 pA for granule cells; 300 pA for pyramidal neurons). Action potential amplitude was also measured relative to the action potential threshold. The input resistance was calculated from voltage responses to current injections (400 ms; −100 pA). Delay time in the initiation of an action potential was measured from the time of current injection to the time of action potential threshold. Spike half-width was calculated as spike duration at 50% of the spike amplitude. The membrane time constant was measured by fitting a single exponential function to the slow phase of the charging curve produced by application of the negative current pulse (−100 pA). The threshold of action potential was determined by the phase plane plots. For phase plot analysis, changes of the membrane potential with time (dV/dt measured as mV ms −1 ; y-axis) are plotted against the instantaneous membrane potential (measured as mV; x-axis). A single action potential (AP) is represented as a loop in which the starting point of the loop, where the point before the first derivative of the trace was no longer equal to zero, represents the threshold membrane potential (AP threshold) (Trombin et al. 2011) .
Analysis of the voltage dependence of activation and inactivation was performed using Prism 6 software (GraphPad Software, Inc., La Jolla, CA, USA). Activation parameters were determined by fitting the total charge of tail current and test potential with the Boltzmann function:
Where X is the test potential, V 0.5 is the potential of half-maximal channel activation, b is the least current, a is the max current and k is the slope factor for activation. Scale bar, 20 μm. gcl, stratum granulosum; ml, stratum moleculare; pcl, stratum pyramidale layer; pl, polymorphic layer; so, stratum oriens; sr, stratum radiatum. B, IHC images showing CHO cells overexpressing ERG3 are heavily stained with ERG3 antibody, while control CHO cell and the negative control groups show almost no stain at all.
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potential of half-maximal channel inactivation and k as the slope factor.
Group data are represented as the mean ± SEM. Comparisons between two groups were made using Student's paired or unpaired two-tailed t test as appropriate. Statistical significance of differences at P < 0.05 is indicated as an asterisk ( * ), P < 0.01 is indicated as two asterisks ( * * ) and P < 0.001 is shown with three asterisks ( * * * ) in all figures.
Results
ERG3 channels are highly expressed in brain
In order to characterize the expression pattern of the ERG3 protein in adult mouse brain, immunohistochemistry (IHC) and immunofluorescence (IF) were used for the investigation. As shown in Fig. 1A , IHC experiments showed that ERG3 protein was expressed in the hippocampus of adult mice. In CA1, the stratum pyramidale layer (Fig. 1A ) was most intensely stained by the ERG3 antibody. The DG stratum granulosum was also stained with the ERG3 antibody, but the labelling intensity was weaker than CA1 stratum pyramidale layer (Fig. 1A ).
In the polymorphic layer and stratum radiatum, stratum oriens and stratum moleculare, a few sparse neurons were also stained with the antibody to ERG3 protein. In addition, IHC images showed that CHO cells expressing ERG3 channels have a strong staining with ERG3 antibody. We further stained the CHO cells expressing ERG3 channels with ERG3 antibody that was incubated with control antigen. The results showed that the staining of ERG3 channels was almost absent (Fig. 1B) . Moreover, the results of a western blot assay suggested ERG3-expressing HEK-293 cells stained strongly with ERG3 antibody, while ERG1-overexpressing cells and control cells did not show this (Fig. 1C) . Both of these experiments suggest this ERG3 antibody was specific to ERG3 protein.
Furthermore, double-labelling IF showed ERG3-positive cells typically expressed NeuN (a neuron marker) in hippocampal CA1 and DG areas (Fig. 1D) , suggesting that ERG3 protein was present in neurons. Occasionally, we found a few ERG3 positive cells were also positive for GAD67 (a GABAergic neuron marker) in DG and entorhinal cortex areas (Fig. 1E) . However, most ERG3-positive neurons did not show staining for GAD67 protein, suggesting ERG3 protein was predominately expressed in excitatory neurons. Moreover, in agreement with a previous report (Guasti et al. 2005) , ERG3 staining was most intense in the proximal apical dendrites and soma, which is clearly seen in the CA1 region (Fig. 1D) . Consistent with the IHC experiment, CHO cells overexpressing ERG3 showed strong staining with ERG3 antibody in the IF experiment, but the staining was absent using the antibody incubated with control antigen (Fig. 1F) . This result further confirmed that this antibody is specific to ERG3 protein. In addition, RT-qPCR experiments showed that the ERG3 mRNA level was significantly higher than those of ERG1 and ERG2 in hippocampus (Fig. 1G) , which is in accordance with a prior study (Polvani et al. 2003) . In conclusion, ERG3 protein has a high expression level in hippocampal areas and mainly localizes to soma and proximal apical dendrites.
Knockdown of ERG3 channels enhances neuronal intrinsic excitability
To examine whether ERG3 channels are involved in regulating neuronal intrinsic excitability, three different ERG3 short hairpin RNAs (ERG3-shRNA) were designed to suppress the expression level of ERG3 protein, and the most effective one was used in our experiments ( Fig. 2A) . Using stereotactic micro-injection of AAV into the hippocampal DG or CA1 region of 6-to 8-week-old mice, ERG3-shRNA was expressed in vivo in the hippocampal CA1 or DG region from 7 DPI and lasted at least 2 months, during which period the viruses spread mediolaterally 0.71-0.92 mm and anteroposteriorly 1.05-1.40 mm; about 60% of neurons were successfully transduced ( Fig. 2B and C) . The efficiency of ERG3 silencing was confirmed by western blots and whole-cell voltage-clamp recordings. Western blot assay suggested that of all three shRNAs, the most effective ERG3-shRNA caused an 85.9 ± 2.0% decrease of ERG3 protein in the ERG3 overexpressing HEK-293 cells, and thus this shRNA was used in other experiments. A 56 ± 9% decrease of functional ERG-mediated currents was observed in IHC and image capturing conditions are identical in these groups. Scale bar, 50 μm. C, western blot analysis of HEK-293 cells with ERG3 overexpression, ERG1 overexpression and control group. D, double IF staining for ERG3 (red) and NeuN (green) in entorhinal cortex and hippocampal DG and CA1 regions of mice. Scale bar, 10 μm. Arrows show a magnified image, indicating ERG3 protein is expressed in the cytoplasm and proximal part of apical dendrites of neurons. E, double staining of ERG3 (red) and GAD67 (green) in entorhinal cortex and hippocampal DG and CA1 regions of mice. Scale bar, 10 μm. Arrows show magnified images, indicating most ERG3 positive cells lack staining for GAD67. F, IF staining of ERG3-overexpressing CHO cells with the ERG3 antibody and the antibody incubated with control antigen. IF and image capturing conditions are identical in these two groups. G, quantification of real-time RT qPCR experiment of hippocampal tissues obtained from control mice. n = 9 from 9 mice; n.s., P > 0.05; * P < 0.05; * * P < 0.01; ordinary one-way ANOVA with Tukey's multiple comparison test. Data are presented as means ± SEM. ERG3-shRNA-transduced mouse hippocampal neurons ( Fig. 2E-G ), suggesting that a (unknown) proportion of the ERG3 channels were down-regulated by AAV-carried ERG3-shRNA. We next investigated whether knockdown of ERG3 protein had any effect on the neuronal excitability of hippocampal neurons. For this purpose, whole-cell current-clamp recordings were used in mouse brain slices transduced with non-silencing shRNA or ERG3-shRNA expressing virus on 14-21 DPI. Hippocampal DG granule cells and CA1 pyramidal neurons were identified by their localization, morphological properties and input resistances (R N ) of 244.9 ± 14 M (n = 8) for DG granule cells and 103.9 ± 8.7 M for CA1 pyramidal neurons (n = 10) (Fig. 3A) , which was consistent with previous reports (Lubke et al. 1998; Dyhrfjeld-Johnsen et al. 2007) . Interestingly, neurons transduced with ERG3-shRNA exhibited a significant increase in the number of action potentials evoked by depolarizing current injections (Fig. 3B) , suggesting ERG3 knockdown clearly increased neuronal excitability. We further performed current-clamp recordings to measure the minimum positive current injection required to induce a single AP in hippocampal DG granule cells and CA1 pyramidal neurons. The results showed that infection with virus expressing ERG3-shRNA significantly reduced the delay time to the initiation of an action potential (Fig. 4D) . The longer delay time in control neurons could be caused by the sub-threshold tonic opening of ERG3 channels. In addition, the fast AHP was also investigated by applying 400 ms depolarizing current injections of 200 pA for DG granule cells and 300 pA for CA1 pyramidal neurons. Current-clamp recordings showed that the absolute values of fast AHP for the second, third and fourth action potentials in a train were smaller in ERG3-shRNA-transduced neurons, while the fast AHP of the first action potential was not changed (Fig. 4E ).
Other intrinsic membrane properties of neurons were not affected (Tables 1 and 2 ). This phenomenon could be caused by the unique gating kinetics of ERG3 channels (Sanguinetti et al. 1995; Smith et al. 1996) , in that their inactivation rate is faster than the activation rate so that the channel mainly opens in the repolarization phase, which contributes to the fast AHP of neurons. The duration of the first action potential only activates a small fraction of ERG3-mediated currents due to the slow activation and fast inactivation kinetics of ERG channels (Mauerhofer & Bauer, 2016) , and thus the fast AHP of the first action potential was not altered.
To further confirm the function of ERG3 channels in neuronal excitability, a pharmacological blocker of ERG channels, E-4031, was applied. Comparably, increased neuronal excitability and decreased delay time to the initiation of an action potential were also observed in the presence of the ERG channel blocker, E-4031 ( Fig. 4A-E) . Moreover, bath-application of 10 μM E-4031 also increased neuronal input resistance and decreased threshold of the first action potential in response to current injection ( Fig. 4F and G; Table 3 ). The differences between the effects caused by pharmacological blockade of ERG channels and ERG3-shRNA knockdown could be due to several reasons. Firstly, the ERG3-shRNA-transduced neurons could have compensatory changes in the expression level of other ion channels, and thus the compensation could reduce the effect of ERG3-shRNA on neuronal intrinsic excitability. Besides, the E-4031 is not specific to ERG3 channels and also blocks ERG1-and ERG2-mediated potassium channels and other channels (Charpentier et al. 1998; Li et al. 2007 ). Therefore, E-4031 may exert broader effects on intrinsic excitability than that of shRNA knockdown. In conclusion, the above data indicated that ERG3 channels inhibit neuronal intrinsic excitability in hippocampal DG granule cells and CA1 pyramidal neurons.
Knockdown of ERG3 channels enhances temporal summation of EPSPs
The temporal summation of EPSPs is crucial in regulating neuronal intrinsic excitability (Magee, 1999; Shah et al. 2004; Williams & Mitchell, 2008; Huang et al. 2009; Stuart & Spruston, 2015) . Since ERG3 protein is mainly localized to the proximal apical dendrites and soma, we sought to investigate whether ERG3 channels were involved in regulating the temporal summation of somatic EPSPs. Artificial EPSPs were simulated by current injection of a defined α function (referred to as αEPSP). Compared with control neurons, ERG3-shRNA-transduced neurons in both CA1 pyramidal neurons and DG granule cells * * P < 0.01; * * * P < 0.001; ordinary one-way ANOVA. The protein level of shRNA no. 3 group showed a significant decrease compared with control group, and the significance level was P < 0.001 (Dunnett's and Tukey's multiple comparison test). E, representative ERG current traces recorded in different cells from control mice and mice transduced with ERG3-shRNA. The ERG-mediated current was obtained by subtracting the E-4031 (ERG channel blocker) trace from control trace. Note that the ERG current is significantly smaller in mice transduced with ERG3-shRNA than control mouse. F, quantification of the tail current amplitudes recorded in different cells from control mice and mice transduced with ERG3-shRNA. The amplitude is calculated by subtracting the tail current from the steady state current and the tail current is measured at 5 ms after the voltage was changed to −110 mV. n = 6 neurons from 5 control mice; n = 6 neurons from 3 ERG3-shRNA injected mice. * * * P < 0.001, unpaired two-tailed Student's t test. G, representative morphological images of ERG3-shRNA-transduced rat DG neurons. Scale bar, 5 μm. Data are presented as means ± SEM. A series of 400 ms hyperpolarizing and depolarizing steps in 100 pA increments were applied to produce the traces. For comparison, the cells were held at −70 mV membrane potential. The mean numbers of action potentials generated in the response of depolarizing current pulses are shown in the right panel. The 400 pA current trace is shown in red. These data were recorded from 10 neurons from 4 control mice, and 7 neurons from 3 ERG3-shRNA injected mice. * P < 0.05, unpaired two-tailed Student's t test. C, typical action potential traces (left) and the delay to action potential (right) obtained from control and ERG3-shRNA-transduced mouse CA1 neurons. n = 10 neurons from 4 control mice; n = 7 neurons from 3 ERG3-shRNA injected mice. * P < 0.05, unpaired two-tailed Student's t test. D, representative traces of CA1 neurons from normal control and ERG3-shRNA-transduced mice in response to 300 pA positive current injection (left). The averaged fast afterhyperpolarization (AHP) of first to fourth action potential recorded in CA1 neurons from normal control and ERG3-shRNA-transduced mice (right). n = 9 neurons from 4 control mice; n = 7 neurons from 3 J Physiol 596.19
showed a significantly slower decay time constant (τ), suggesting that temporal summation of EPSPs was enhanced in ERG3-knockdown neurons ( Fig. 5A and  E) . In addition, current injection of a 20 Hz train of αEPSPs showed the summation ratio was significantly higher in ERG3-shRNA-transduced neurons than control neurons ( Fig. 5B and F) . Consistently, the pharmacological blockade of ERG channels with E-4031 also showed elevated decay time constant and summation ratio in hippocampal DG granule cells (Fig. 5C and D) . Besides, in order to see if ERG3 channels are involved in the regulation of evoked EPSPs, we used a tungsten electrode to stimulate the dendrites of DG granule cells and CA1 pyramidal neurons to record the evoked EPSPs in the soma of these neurons. Results showed that ERG3-shRNA-transduced neurons showed an elevated decay time constant of evoked EPSCs compared to the control neurons, suggesting ERG3 channels regulate EPSP propagation from dendrites to soma in these neurons ( Fig. 5G and H) . Together, these results suggested that genetic knockdown of ERG3 channels or pharmacological blockade of ERG channels enhances EPSP temporal summation, and thus contributes to the enhancement of neuronal intrinsic excitability.
The expression of ERG3 protein is reduced in human and mouse hippocampal epileptogenic foci
Having established that knockdown of ERG3 channels or pharmacological block of ERG channels effectively increased neuronal intrinsic excitability, we next examined whether ERG3 channels play a role in epilepsy because previous reports have indicated that the ERG channel corresponds with the previously identified 'seizure gene' , mutations of which lead to hyperactivity in the motor system and thus cause a temperature-sensitive paralytic phenotype (Jackson et al. 1984; Kasbekar et al. 1987; Titus et al. 1997; Wang et al. 1997) . Firstly, we examined the expression level of ERG3 protein in human hippocampal epileptogenic foci. Western blots of paired epileptogenic hippocampal tissues and matched adjacent normal tissues showed expression of ERG3 protein was significantly reduced in epileptogenic tissues ( Fig. 6A and Table 4 ). Besides, ERG3 antibody incubated with control antigen could hardly detect ERG3 protein any more in a western blot experiment, suggesting that the ERG3 antibody is specific to ERG3 protein (Fig. 6B) . Furthermore, immunostaining experiments confirmed that the reduced expression of ERG3 protein occurred at the single neuronal level in the epileptic hippocampus (Fig. 6C) . In order to further confirm the phenomenon that ERG3 protein expression is decreased in epilepsy, we also measured the expression level of ERG3 protein in the mouse kainic acid (KA) epilepsy model, which is a commonly used animal preparation for studying temporal lobe epilepsy (Bernard et al. 2001; Smith & Dudek, 2002; Powell et al. 2008 ). In this model, a single episode of continuous seizures was induced by the administration of KA and terminated using sodium pentobarbital. Following a 2-4-week seizure-free period after the termination of the KA-induced seizures, the animals developed a type of chronic temporal lobe epilepsy that mimics the prominent clinical and pathological features of the human disorder (Smith & Dudek, 2002) . All experiments were done at two time points: 1 day (SE1D) and 7 days (SE7D) after the termination of seizures. These two time points represented the early and middle epochs during the latent period. Western blot and RT-qPCR results showed that the triggering of seizures in mice led to a decrease of ERG3 mRNA at 1 day and 7 days after KA treatment ( Fig. 6D and E) . Interestingly, the reduced mRNA level of ERG1 and ERG2 were also observed in SE1D and SE7D mice ( Fig. 6F and G) . A western blot assay also showed that the ERG3 protein level was reduced in SE1D and SE7D mice compared with control mice (Fig. 6H ) and the antigen incubated antibody could barely detect the mouse ERG3 protein any more (Fig. 6I) . Together, these results suggested that the expression level of ERG3 protein is significantly reduced in human and mouse brain tissues with temporal lobe epilepsy, indicating ERG3 channels may be involved in epileptogenesis.
ERG3-shRNA injected mice. * P < 0.05, unpaired two-tailed Student's t test. E, schematic diagram of DG region. F, representative current-clamp recordings obtained from normal control (left) and ERG3-shRNA-transduced mouse DG neurons (right). A series of 400 ms hyperpolarizing and depolarizing steps in 100 pA increments were applied to produce the traces. For comparison, the cells were held at −80 mV membrane potential. The mean number of action potentials generated in the response of depolarizing current pulses is shown in the right panel. The 200 pA current trace is shown in red. n = 8 neurons from 7 control mice; n = 6 neurons from 3 ERG3-shRNA injected mice. * P < 0.05, * * * P < 0.001, unpaired two-tailed Student's t test. G, typical spikes (left) and the delay to action potential (right) obtained from control and ERG3-shRNA-transduced mouse DG neurons. n = 7 neurons from 6 control mice; n = 6 neurons from 3 ERG3-shRNA injected mice. * P < 0.05, unpaired two-tailed Student's t test. H, left, representative traces of DG neurons from normal control and ERG3-shRNA-transduced mice in response to 200 pA positive current injection. Right, the averaged fast afterhyperpolarization (AHP) of first to fourth action potential recorded in CA1 neurons from normal control and ERG3-shRNA infected mice. n = 8 neurons from 7 control mice; n = 6 neurons from 3 ERG3-shRNA injected mice. * P < 0.05, unpaired two-tailed Student's t test. Data are presented as means ± SEM. [Colour figure can be viewed at wileyonlinelibrary.com]
Functional ERG-mediated currents were reduced in the hippocampus during epileptogenesis
To further confirm the phenomenon that ERG3 channel expression is reduced during epileptogenesis, we recorded ERG-mediated currents in control and KA-treated epileptic neurons. Whole-cell voltage-clamp recordings were made from hippocampal DG granule cells and CA1 pyramidal neurons in acute horizontal brain slices. The ERG-mediated currents were obtained by subtraction of the currents resistant to E-4031 from control currents (Fig. 7A) . Interestingly, the peak ERG currents in hippocampal DG neurons and CA1 neurons were persistently decreased at SE1D and SE7D neurons in comparison with control neurons (Fig. 7B and D) . A series of 400 ms hyperpolarizing and depolarizing steps in 50 pA increments were applied to produce the traces. For comparison, the cells were held at −80 mV membrane potential. The mean number of action potentials generated in the response of depolarizing current pulses is shown in the right panel. The 250 pA current trace is shown in red. n = 9 neurons from 6 mice were recorded. * P < 0.05, * * P < 0.01, paired two-tailed Student's t test. D, typical spikes (left), and quantification of the delay to action potential recorded in mouse DG neurons with or without the presence of E-4031 (right). n = 9 neurons from 6 mice were recorded. * P < 0.05, paired two-tailed Student's t test. E, left, representative traces of DG neurons with or without the presence of E-4031 in response to 200 pA positive current injection. Right, the averaged afterhyperpolarization (AHP) of first to fourth action potential recorded in DG neurons with or without the presence of E-4031 (right). n = 9 neurons from 6 mice were recorded. * P < 0.05, paired two-tailed Student's t test. F, typical trace (left) and the input resistance (right) obtained in mouse DG neurons with or without the presence of E-4031. n = 9 neurons from 6 mice were recorded. * * P < 0.01, paired two-tailed Student's t test. G, associated phase plane plots of the single action potential (left) and the average spike threshold (right) obtained in mouse DG neurons with or without the presence of E-4031. n = 9 neurons from 6 mice were recorded. 108.0 ± 2.0 (n = 10) 102.0 ± 3.0 (n = 7) Input resistance (M ) 108.7 ± 10 (n = 10) 103.9 ± 8.7 (n = 7) Delay to action potential (ms) 10.9 ± 0.4 (n = 10) 8.7 ± 0.9 (n = 7) * First action potential fast AHP (mV) −5.9 ± 0.6 (n = 9) −4.5 ± 1.6 (n = 7) Second action potential fast AHP (mV) −7.2 ± 0.4 (n = 9) −5.0 ± 0.8 (n = 7) * Third action potential fast AHP (mV) −9.3 ± 0.9 (n = 7) −6.7 ± 0.6 (n = 6) * * Forth action potential fast AHP (mV) −4.5 ± 1.6 (n = 9) −5.9 ± 0.6 (n = 7) * Resting membrane potential (mV) −70.1 ± 1.2 (n = 7) −68.3 ± 1.3 (n = 11) Half-width of action potential (ms)
1.96 ± 0.12 (n = 10) 1.84 ± 0.11 (n = 11) Membrane time constant (ms) 31.6 ± 3.2 (n = 6) 27.5 ± 2.5 (n = 10)
Data are reported as means ± SEM for cells of CA1 pyramidal neurons of mice. * P < 0.05, * * P < 0.01, Student's t test. Action potential threshold (mV) −51.4 ± 0.7 (n = 8) −49.6 ± 1.3 (n = 6) Amplitude (mV) 117.5 ± 1.6 (n = 8) 115.6 ± 2.3 (n = 6) Input resistance (M ) 244.9 ± 14 (n = 8) 215.3 ± 12 (n = 6) Delay to action potential (ms) 11.7 ± 0.7 (n = 7) 9.6 ± 0.5 (n = 6) * First action potential fast AHP (mV) −9.1 ± 0.8 (n = 8) −9.6 ± 0.9 (n = 6) Second action potential fast AHP (mV) −12.3 ± 0.7 (n = 8) −13.1 ± 0.3 (n = 6) * Third action potential fast AHP (mV) −14.1 ± 0.7 (n = 8) −11.9 ± 0.4 (n = 6) * Forth action potential fast AHP (mV) −14.2 ± 1.1 (n = 7) −11.1 ± 0.4 (n = 6) * Resting membrane potential (mV) −76.9 ± 1.2 (n = 9) −78.0 ± 1.7 (n = 7) Half-width of action potential (ms)
1.73 ± 0.09 (n = 8) 1.71 ± 0.15 (n = 6) Membrane time constant (ms) 14.0 ± 1.3 (n = 8) 13.7 ± 1.1 (n = 5)
Data are reported as means ± SEM for cells of DG granule cells of mice. * P < 0.05, Student's t test.
Table 3. Electrophysiological properties of DG granule cells of mice with the presence of E-4031
Parameter Control E-4031
Action potential threshold (mV) −49.9 ± 0.5 (n = 9) −51.8 ± 1.0 (n = 9) * Amplitude (mV) 115.9 ± 2.3 (n = 9) 111.2 ± 2.3 (n = 9) Input resistance (M ) 221.0 ± 13 (n = 9) 265.7 ± 13 (n = 9) * * Delay to action potential (ms) 12.7 ± 0.7 (n = 9) 11.2 ± 0.4 (n = 9) * First action potential fast AHP (mV) −9.7 ± 0.7 (n = 9) −6.4 ± 1.2 (n = 9) * * Second action potential fast AHP (mV) −13.0 ± 1.2 (n = 9) −11.0 ± 1.4 (n = 9) * Third action potential fast AHP (mV) −11.9 ± 1.1 (n = 9) −11.8 ± 1.5 (n = 9) Forth action potential fast AHP (mV) −11.4 ± 1.3 (n = 9) −10.9 ± 1.4 (n = 9) Resting membrane potential (mV) −80.2 ± 0.15 (n = 7) −80.0 ± 0.04 (n = 7) Half-width of action potential (ms)
1.67 ± 0.07 (n = 9) 1.73 ± 0.08 (n = 9) Membrane time constant (ms) 17.3 ± 0.7 (n = 5) 17.1 ± 1.1 (n = 5)
Data are reported as means ± SEM for DG granule cells of mice. * P < 0.05, * * P < 0.01, Student's t test.
The voltage dependence of ERG channel activation was determined using a series of 5 s depolarizing pulses between −90 and +10 mV, applied from a holding potential of −20 mV and the tail currents were measured at −110 mV. There were no significant differences in activation properties of ERG-mediated currents between SE1D neurons, SE7D neurons and control neurons ( Fig. 7C and E) , suggesting a persistent reduction in amplitude of ERG-mediated currents in hippocampal DG neurons during epileptogenesis which was independent of the channel activation properties. In addition, we assessed the steady-state inactivation of ERG channels 
ERG3 deficiency leads to increased EPSPs summation
A and B, single (A) and 20 Hz trains (B) of αEPSPs were generated by current injection (see Methods) at the soma of DG neurons from normal control and ERG3-shRNA-transduced mice. All recordings were obtained at a fixed potential of −80 mV. The average decay time constant (τ , obtained by fitting a two-exponential equation to the decay phase; see Methods) of single αEPSPs and the mean summation ratio (ratio of amplitude of 5th αEPSP to 1st αEPSP) of 20 Hz trains of αEPSPs obtained in normal control and ERG3-shRNA-transduced mice are shown in the panels on the right. Each trace is an average of 3 traces. n = 10 neurons from 6 control mice; n = 8 neurons from 3 ERG3-shRNA-injected mice. * P < 0.05, * * * P < 0.001, unpaired two-tailed Student's t test. C and D, single (C) and 20 Hz trains (D) of αEPSPs were generated by current injection (see Methods) at the soma of DG neurons with or without the presence of E-4031. All recordings were obtained at a fixed potential of −80 mV. The average decay time constant (τ , obtained by fitting a two-exponential equation to the decay phase) and amplitude (obtained by fitting a two-exponential equation to the decay phase) of single αEPSPs and the mean summation ratio (ratio of amplitude of 5 th αEPSP to 1 st αEPSP) of 20 Hz trains of αEPSPs obtained with or without the presence of E-4031 are shown on the panels on the right. Each trace is an average of three traces. n = 7 neurons from 5 mice were recorded. * * * P < 0.001, paired two-tailed Student's t test. E-F, Single (E) and 20 Hz (F) trains of αEPSPs were generated by current injection (see Methods) at the soma of CA1 neurons from normal control and ERG3-shRNA-transduced mice. All recordings were obtained at a fixed potential of −70 mV. The average J Physiol 596.19 by hyperpolarizing neurons to a series of voltages from a holding potential of +40 mV (Fig. 7F) . Intriguingly, the inactivation kinetics recorded in control group, SE1D and SE7D did not show any significant differences (Fig. 7G) . Together, these results showed the functional ERG-mediated currents were reduced during the latent period of KA model mice, which is mainly due to the reduced expression of ERG protein.
In order to further confirm the consequences of down-regulation of ERG3 protein in the latent period of epilepsy, we performed current-clamp experiments from neurons obtained from SE7D DG granule cells. The ERG channel blocker E-4031 had no effect on neuronal firing, fast AHP and temporal EPSP summation of SE7D neurons, indicating the ERG protein was already down-regulated in SE7D neurons (Fig. 8A-D) . In conclusion, these results further confirmed that the expression of ERG channels was reduced in the latent period of temporal lobe epilepsy, and the reduced expression of ERG channels may facilitate the development of temporal lobe epilepsy.
ERG3 channels suppress seizure susceptibility
In order to test if ERG3 channels are involved in epileptic encephalopathy, and further assess the pathophysiological consequences of reduced expression of ERG3 channels in vivo, we next examined whether knockdown of ERG3 channels would affect seizure susceptibility in animal models.
To investigate whether there were differences in seizure threshold between ERG3 knockdown and wild-type mice, we used the KA epilepsy model to evaluate the seizure susceptibility of testing mice (Racine, 1972; Ben-Ari & Cossart, 2000; Smith & Dudek, 2002) . EEG was also employed to confirm the onset of status epilepticus (Fig. 9A) . In accordance with a previous report (Huang et al. 2009 ), 20 mg kg −1 KA was intraperitoneally administrated into the control and shRNA-transduced mice. Results showed KA induced class 4 seizures (defined by the Racine scale) in wild-type mice in 68 ± 9.2 min (n = 10), while the same concentration of KA caused class 4 seizures in 31 ± 9.2 min (n = 7) in ERG3 knockdown mice (Fig. 9B) . In addition, seizure progression was considerably faster in ERG3-shRNA-transduced mice, with more of them developing into tonic hindlimb extension compared to controls (Fig. 9C and D) . In order to assess the effect of ERG3 channel activation, we used 30 mg kg −1 KA to elicit a faster onset of seizure. Administration of the ERG channel enhancer, NS-1643 (Bilet & Bauer, 2012 ) (30 min before the injection of KA), resulted in significantly slower seizure progression and reduced maximum seizure severity (Fig. 9E-G) . Clearly, these results suggested that altered expression or function of ERG3 channels in hippocampus had a substantial impact on the induction and development of acute epileptic seizures, indicating ERG3 channels could be a potential drug target to treat epilepsy.
Discussion
Despite the relatively high expression of ERG3 channels that has been found in the brain, their function in neuronal intrinsic excitability remains unclear (Guasti et al. 2005) . Here, we demonstrate that ERG3 channels play an important role in regulating intrinsic excitability in hippocampal neurons ( Fig. 3B and H) . ERG3-shRNA-transduced neurons show elevated neuronal excitability, which is associated with decreased action potential fast AHP, reduced time to initiate an action potential and enhanced somatic summation of EPSPs (Figs 3C, D, G and H and 5A-H) . Consistently, pharmacological blockade of ERG channels also showed increased neuronal excitability in hippocampal neurons (Fig. 4C) . In addition, a reduced expression of ERG3 channels has been observed in both patient epileptic tissues and mouse epileptic tissues ( Fig. 6A and H) and functional ERG3-mediated currents were decreased in hippocampal neurons of the mouse TLE model when compared to control neurons ( Fig. 7B-E) . Finally, we have shown that ERG3-shRNA-transduced mice showed increased seizure susceptibility, and the ERG channel opener NS-1643 decreased seizure susceptibility (Fig. 9B-G) . In conclusion, our results demonstrate that decay time constant (τ , obtained by fitting a two-exponential equation to the decay phase; see Methods) of single αEPSPs and the mean summation ratio (ratio of amplitude of 5th αEPSP to 1st αEPSP) of 20 Hz trains of αEPSPs obtained in normal control and ERG3-shRNA-transduced mice are shown in the panels on the right. Each trace is an average of 3 traces. n = 8 neurons from 3 control mice; n = 7 neurons from 3 ERG3-shRNA-injected mice. . The expression of the ERG3 protein is down-regulated in temporal lobe epilepsy A, left, western blot analysis of ERG3 protein in the hippocampus from human epilepsy patient (EP) hippocampal tissues and adjacent normal control (NC) tissues. Right, quantification of the results by normalizing the protein levels of ERG3 to that of GAPDH and actin in EP and NC groups (n = 5). * P < 0.05, paired two-tailed Student's t test. B, western blot analysis of ERG3 protein in the hippocampus from human patients with ERG3 antibody and control antigen. C, IHC results showing ERG3 protein was decreased in the human epilepsy tissues and adjacent normal control tissues (left), and quantification (right). Scale bar, 50 μm. n = 3, * * P < 0.01, paired two-tailed Student's t test. Arrows suggest ERG3 protein is expressed in the cytoplasm of neurons. D and E, hippocampal tissues were obtained from control mice or kainic model mice 1 day after status epilepticus (SE1D) or 7 days after status epilepticus (SE7D). For these tissues, the mRNA and protein levels of ERG3 were examined by real-time RT-PCR, and the ERG3 mRNA level had decreased compared with GAPDH (right) and actin (left). n = 3 from 3 mice ERG3 channels have a key role in regulating neuronal intrinsic excitability in hippocampal neurons, indicating ERG3 channels could be a potential drug target to treat some forms of epilepsy.
The distribution of ERG3 channels in hippocampus
Our results showed the mRNA level of ERG3 is significantly higher than that of ERG1 and ERG2, which is collectively in accordance with in situ hybridization data gathered in the mouse CNS by Polvani et al. (2003) . Therefore, we mainly focused on investigating the function of ERG3 channels in this study. Firstly, IF and IHC was used in order to examine the expression pattern of ERG3 protein in hippocampal neurons. The subcellular localization of ERG3 protein is closely associated with its function of regulating neuronal excitability. Although the action potential is generated in the axon initial segment (AIS), the neuronal soma also plays an important role in the initiation of an action potential, since the soma is electrotonically coupled with the AIS. When the expression of ERG3 protein was altered, the delay time to the initiation of an action potential could be influenced by a modified electrotonic spread pattern of the soma depolarization to the AIS (Kole & Stuart, 2012) . More importantly, the fast speed of inactivation and slow speed of activation make ERG3 channels mainly function in the repolarization rather than depolarization phase of an action potential. This unique gating kinetics of ERG3 channels suggests that this channel is involved in fast AHP regulation, which can profoundly alter neuronal excitability. Furthermore, somatic EPSP summation also contributes to the change in neuronal excitability (Magee, 1999; Frick et al. 2004) . The increased somatic EPSP summation indicates, at a given membrane potential, incoming synaptic potentials in dendrites are more likely to give rise to action potentials. Thus, by altering EPSP summation, ERG3 channels can also influence neuronal excitability. However, since ERG3 protein was also observed to localize in proximal dendrites, it is possible that ERG3 channels can also influence dendritic summation of EPSPs. Further experiments will be needed to investigate the changes caused by ERG3 channels in dendritic EPSP summation in order to test this hypothesis.
in control group; n = 5 from 5 mice in SE1D group; n = 4 from 4 mice in SE7D group. n.s., P > 0.05; * P < 0.05; * * P < 0.01; * * * P < 0.001, ordinary one-way ANOVA with Tukey's multiple comparison test. F and G, mouse tissue was also examined by real-time RT-PCR for the mRNA level of ERG1 (F) and ERG2 (G). n = 9 from 9 mice were used in each group. n.s., P > 0.05; * P < 0.05; * * P < 0.01; * * * P < 0.001; ordinary one-way ANOVA with Tukey's multiple comparison test. H, mouse tissue was also examined by western blot analysis (left) and quantified (right). n = 3 from 3 mice were used in each group. n.s., P > 0.05; * P < 0. From a holding potential of −20 mV, channel activation was assessed by 4 s test pulses between −90 and +10 mV with 10 mV increments, followed by a constant pulse to −110 mV (see pulse diagram). The ERG-mediated current was obtained by subtracting the E-4031(ERG channel blocker) trace from control trace. Note that the ERG current is significantly smaller in SE mouse than control mouse. B, quantification of the tail current amplitudes recorded in DG region. The amplitude was calculated by substracting the tail current from the steady state current and the tail current was measured at 5 ms after the voltage was changed to −110 mV. The ERG currents were calculated by subtracting the current 5 ms after the time of voltage change from the steady state current. n = 5 neurons from 5 control mice; n = 5 neurons from 3 SE1D mice; n = 6 neurons from 4 SE7D mice. n.s., P > 0.05; * * * P < 0.001; ordinary one-way ANOVA with Tukey's multiple comparison test. C, tail current amplitudes recorded in DG region plotted against the potential of the preceding test pulse. Data were normalized to the maximum tail current amplitudes, averaged and fitted with a Boltzmann function to yield activation curves. The V 0.5 for the control, SE1D and SE7D groups are −33.65 ± 1.37, −33.74 ± 0.89 and −33.97 ± 1.36 mV, respectively. There is no significant difference between three groups. n = 5 neurons from 5 control mice; n = 5 neurons from 3 SE1D mice; n = 6 neurons from 4 SE7D mice. D, quantification of the tail current amplitudes recorded in CA1 region. The amplitude was calculated by substracting the tail current from the steady state current and the tail current was measured at 5 ms after the voltage was changed to −110 mV. n = 6 neurons from 4 control mice; n = 7 neurons from 4 SE1D mice; n = 8 neurons from 4 SE7D mice. n.s., P > 0.05; * * P < 0.01; * * * P < 0.001; ordinary one-way ANOVA with Tukey's multiple comparison test. E, peak tail current amplitudes recorded in CA1 region plotted against the potential of the preceding test pulse. Data were normalized to the maximum tail current amplitudes, averaged and fitted with a Boltzmann function to yield activation curves. The V 0.5 for the control, SE1D and SE7D groups are −33.47 ± 1.97, −33.25 ± 1.72 and −32.67 ± 1.79 mV, respectively. There is no significant difference between the three groups. n = 6 neurons from 4 control mice; n = 7 neurons from 4 SE1D mice; n = 8 neurons from 4 SE7D mice. F, a representative of fully activated ERG currents recorded in different cells from control mice and kainic acid model (SE) mice. ERG currents were elicited by 1 s depolarizations to +40 mV, followed by variable 1 s test pulses from +40 to −90 mV with 10 mV decrements (see pulse diagram). G, normalized current amplitudes of the experiments were used to calculate the relative conductance as a measure of the voltage dependence of ERG steady-state inactivation. Data were normalized to the conductance value at −90 mV before averaging and fitted with a Boltzmann function to yield inactivation curves. The V 0.5 for the control, SE1D and SE7D groups are −8.86 ± 2.73, −7.74 ± 3.40 and −10.63 ± 2.12 mV, respectively. There is no significant difference in fitting results between the three groups. n = 6 neurons from 3 control mice; n = 6 neurons from 3 SE1D mice; n = 5 neurons from 4 SE7D mice. Data are presented as means ± SEM. [Colour figure can be viewed at wileyonlinelibrary.com]
The ERG3 channels are involved in intrinsic plasticity of neurons All CNS neurons have the ability to transform input information to an output signal. More importantly, neurons are capable of modifying their input-output properties in an activity-dependent manner, and the modification of postsynaptic neuron firing in response to depolarization by EPSPs has been termed intrinsic plasticity (Zhang & Linden, 2003; Losonczy et al. 2008) . Persistent changes in intrinsic excitability have been reported in several cases in which activity is regulated through ion channels. For instance, K v 4.2 channels, HCN1 channels, and K v 7 channels are all involved in regulating intrinsic properties of hippocampal neurons and are thereby connected with multiple physiological and pathological processes (Frick et al. 2004; Shah et al. 2004; Yue & Yaari, 2004) . By regulating dendritic and somatic EPSP summation, action potential threshold and neuronal firing mode, these channels have a crucial part to play in regulating neuronal intrinsic excitability and are thereby related to epilepsy, neuropathic pain, and learning and A series of 400 ms hyperpolarizing and depolarizing steps in 100 pA increments were applied to produce the traces. For comparison, the cells were held at −80 mV membrane potential. The mean number of action potentials generated in the response of depolarizing current pulses is shown in B. n = 7 neurons from 4 epilepsy model mice; n = 7 neurons from 5 control mice. n.s., P > 0.05; * P < 0.05; one-way ANOVA with Tukey's multiple-comparison test. According to the multiple-comparison test, the neuronal excitability did not alter after the application of E-4031, while the ANOVA of control, epilepsy and epilepsy+E-4031 groups showed significant change of neuronal excitability. C, left, representative traces of DG neurons from control mice (black) and epilepsy model mice with (blue) or without (red) the presence of E-4031 in response to 200 pA positive current injection. Right, the quantification of averaged fast afterhyperpolarization (AHP) of first to fourth action potential recorded in control and epilepsy mouse DG granule cells (right panel). n = 7 neurons from 4 epilepsy model mice; n = 7 neurons from 5 control mice. n.s., P > 0.05; * * P < 0.01; * * * P < 0.001; one-way ANOVA with Tukey's multiple-comparison test. According to multiple-comparison test, the fAHP did not alter after the application of E-4031, but in the second, third and fourth action potentials, the ANOVA of control, epilepsy and epilepsy+E-4031 groups showed significant change of fAHP. D, 20 Hz trains of αEPSPs were generated by current injection at the soma of DG neurons in control (black) and epilepsy mouse DG granule cells with (blue) or without (red) the presence of E-4031. All recordings were obtained at a fixed potential of −80 mV. The mean summation ratio (ratio of the amplitude of 5th αEPSP to 1st αEPSP) of 20 Hz trains of αEPSPs are shown in the panel on the right. Each trace is an average of three traces. n = 5 from 3 control mice; n = 6 neurons from 4 epilepsy model mice. n.s., P > 0.05; * P < 0.05; * * P < 0.01; ordinary one-way ANOVA with Tukey's multiple-comparison test. Data are presented as means ± SEM. [Colour figure can be viewed at wileyonlinelibrary.com] memory (Bernard et al. 2001; Fan et al. 2005 The ERG3 channels can be a potential drug target to treat epilepsy
Epilepsy is one of the most common and also heterogeneous neurological disorders. Despite the large number of patients, our knowledge of epilepsy is still very limited. Existing drugs can only control epilepsy in about 70% of patients, with 30% of patients developing drug-resistant epilepsy (Tellez-Zenteno & Hernandez-Ronquillo, 2012) . Therefore, it is imperative to find new drug targets to treat epilepsy. Since ion channels can profoundly alter neuronal excitability, it is possible to use ion channel modulators to reverse the hyperexcited state of neurons in epilepsy. For example, the K v 7 channel opener retigabine has been used as an anticonvulsant drug for the treatment of epilepsy (Cooper et al. 2000) , indicating potassium channels can be promising drug targets to treat epilepsy. Our results have shown that ERG3 channels play an important role in epileptogenesis, and ERG3-shRNA and the ERG channel opener NS-1643 can influence susceptibility to epilepsy. Still, we cannot exclude the possibility that the anti-seizure effect of NS-1643 is through the activation of ERG1 or ERG2, and ERG1 and ERG2 channels may also be involved in the epileptogenesis. But since ERG3 channels are the main subtype of ERG channels in hippocampus, the anti-seizure effect of NS-1643 may be mainly due to the activation of ERG3-channels. In addition, in patient epileptic samples, reduced ERG3 channel expression has also been observed, indicating the effect of ERG3 channels is also applicable to humans rather than just animals. Therefore, ERG3 channels could be a potential drug target for epilepsy. However, if a drug is to be developed to treat epilepsy by targeting ERG3 channels, there are certain problems need to be conquered. Firstly, the drug needs to be selective to ERG3 and have no effect or little effect on ERG1, since it is well recognized that ERG1 channel modulators can change the heart rhythm and can be lethal (Sanguinetti & Tristani-Firouzi, 2006) . Secondly, we have only investigated the role of ERG3 in the hippocampus, and the change of ERG3 channels in other brain regions may be different; thus, an ERG3 channel modulator may also have other neurological effects. Nevertheless, our study suggests that ERG3 channels have a critical role in temporal lobe epilepsy, and targeting ERG3 channels could be a promising strategy for prevention and treatment of some types of epilepsy.
